Travel broadens the mind, as the saying goes. For orthopaedic sports medicine specialists, traveling fellowships definitely serve that purpose. During these once-in-a-lifetime experiences, young surgeons encounter different philosophical approaches to injury and disease, groundbreaking research, novel surgical techniques, foreign cultures, exotic cuisines, and a variety of fermented grape beverages. In 1986, I was lucky enough to be one of the first Americans to travel across Europe in the AOSSM-ESKA (now ESSKA) fellowship exchange. The lessons learned from and friendships made with my European hosts and American traveling companions enriched my life, widened my orthopaedic horizons, and helped shape my subsequent career.
One of the most vivid mental images that persists from that tour was a particularly memorable anterior cruciate ligament (ACL) reconstruction. Three fellows and 1 Godfather stood in rapt attention as we watched a well-known master surgeon demonstrate his technique. This was still during the era when ACL reconstructions were performed via wide open exposures. Although the procedure did not differ too much from our own methods, we were nevertheless impressed with the surgeon's speed and skill. Suddenly, he announced that the patient required an osteotomy. Without apparent measurements or calculations, he accepted a broad flat osteotome from his attentive assistant and proceeded to drive it into the patient's proximal tibia. With a few deft mallet blows, the surgeon extracted an anterior wedge from the tibia, closed the resulting gap, and fastened it shut with staples. The entire sequence couldn't have taken more than 5 minutes. We were simultaneously impressed with the efficiency of the procedure and mystified as to the rationale for performing it. We couldn't be sure whether he had planned the osteotomy in advance or decided to perform it on the spur of the moment. The event surprised and even shocked us to the point that we barely discussed it among ourselves later. I don't think any of us had ever seen or heard of such an osteotomy being incorporated into an ACL reconstruction. We didn't understand the indications and were too polite to ask the surgeon for an explanation.
Remembering that experience long after the fellowship had ended, I realized that the surgeon had decided that it was necessary to modify the patient's sagittal tibial slope as part of the ACL reconstruction. Clearly, that surgeon was aware of the possible interaction between tibial slope and the function of the ACL long before this concept appeared on the mental radar of most other orthopaedic surgeons. In recent years, the relationship between the tibial slope and the function of the cruciate ligaments has become an increasingly common topic of laboratory and clinical research.
In 2004, Giffin et al 11 reported the findings of their investigation into the effects of artificially increasing the tibial slope in cadaveric knees. They noted that increasing the slope caused the resting position of the tibia to shift anteriorly, a phenomenon accentuated by axial compression. They speculated that increasing the slope clinically might reduce posterior sag in a posterior cruciate ligament (PCL)-deficient knee, while decreasing the slope might be beneficial in an ACL-deficient knee. More recently, Yamaguchi et al 35 reported that a 10°anterior closing wedge osteotomy in cadaveric knees reduced ACL force and anterior tibial translation in response to an anterior force or compressive loading, except when an internal rotation torque was applied. Other investigators have used cadaveric experiments to simulate the clinical activity of landing from a jump. Attaching a differential variable reluctance transducer to the anteromedial ACL, researchers from the University of Michigan showed that posterior tibial slope correlated with peak strain of the ligament 20 and that this effect was more marked in female knees. 18 In this issue of the American Journal of Sports Medicine, Bernhardson and colleagues 4 report an extensive cadaveric study of the effects of varying tibial slope on the forces in ACL grafts. The authors performed ACL reconstructions on 10 male knees that had been osteotomized so that the tibial slope could be changed. They compressed the knees with a 200-N axial load at angles of flexion ranging from 0°to 60°while varying the tibial slope between 22°and 20°in 2°increments. These researchers found that the force in the ACL graft increased in a linear fashion as tibial slope increased. This effect was observed at all knee flexion angles studied, with the highest graft forces being measured at 0°of extension. The authors opined that their results might support a role for slopereducing osteotomies in revision ACL reconstructions in knees with marked tibial slopes.
A number of in vivo studies have also explored the interaction between tibial slope and the ACL. In 1994, Dejour and Bonnin 7 reported the monopodal stance test to quantify the increased anterior tibial translation that occurs when a patient with ACL deficiency stands with all the weight on the injured limb. Using carefully posed lateral radiographs, the authors demonstrated not only that this loading configuration reliably causes the tibia to shift anteriorly when the ACL has been torn but also that the 24 used a validated imaging technique capable of quantifying the pivot-shift phenomenon to show that elevated lateral tibial slope was predictive of high-grade rotatory laxity. In this month's AJSM, a study from the same institution 17 connects these 2 studies by showing that highgrade rotatory laxity is also associated with greater amounts of static anterior tibial subluxation in the ACLdeficient knee.
Dynamic analyses of different landing and cutting tasks have found relationships between several parameters of proximal tibial geometry, including slope, and forces and motion patterns at the knee, raising the possibility that individual variations in these parameters might predispose some athletes to ACL tears or other injuries. 19, 28 In fact, a 2012 systematic review 34 reported that 5 studies that examined the lateral tibial plateau slope found that it was greater in patients with ACL injuries than in controls and that some but not all studies that focused on the medial tibial plateau slope found a similar relationship. A 2010 retrospective study included in that systematic review reported that this relationship was significant only for females, 32 a finding that was repeated in a prospective study published in 2014. 5 Hashemi et al, 14 however, documented greater lateral tibial slope, as well as shallower medial plateau depth, in both male and female patients with ACL injuries compared with controls, while a multivariable analysis by Rahnemai-Azar et al 25 determined that elevated lateral tibial slope was the sole independent predictor of ACL injury in a cohort of male American football players.
If elevated tibial slope is associated with primary ACL injury, it stands to reason that it might also be associated with failure of ACL reconstruction. In 2013, Webb and colleagues 33 published their findings in a group of 181 patients who had undergone ACL reconstruction and were followed prospectively for 15 years. In that time, 31 patients had ruptured their graft, 15 had torn their contralateral ACL, and 4 had done both. Significant differences in medial tibial slope were found among the groups: those without further ACL injury averaged 8.5°, those with graft rupture or contralateral ACL injury averaged 9.9°, and those with both undesirable outcomes averaged 12.9°. A full 59% of patients with a slope 12°experienced a further ACL injury. The same group of Sydneysiders more recently reported a multivariate analysis of factors associated with ACL graft failure in a cohort of 100 males and 100 females followed for 20 years. 27 The principal conclusions of that study are starkly summarized in the article's subtitle, ''The Catastrophic Effect of Age and Posterior Tibial Slope.'' The most remarkable finding: Graft survival in adolescents with a medial tibial slope 12°was a mere 22%. Lee et al 16 similarly reported 4.5 greater odds of ACL graft rupture in patients whose medial tibial slope was 12°.
Using lateral tibial slope measurements, Christensen et al 6 reported comparable findings. They noted that patients who tore their ACL grafts had a mean lateral tibial slope of 8.4°, compared with 6.5°in controls. Increases of 2°, 4°, and 6°in lateral slope were associated with increased odds of graft rupture by factors of 1.6, 2.4, and 3.8, respectively.
In this issue of AJSM, Grassi and colleagues 12 go one step further by including patients with multiple ACL graft failures in their analysis. These authors used magnetic resonance imaging to study 3 distinct groups of patients: 40 who underwent successful ACL reconstruction, 25 whose primary ACL reconstruction had failed, and 26 who had endured multiple failures. The multiple failure group differed from the others in both medial and lateral tibial slopes and other anatomic parameters. The mean lateral tibial slope was 4.5°in the control group, 10.6°in the primary failure group, and 13°in those with multiple failures, while the mean medial slope was 4.3°, 8.3°, and 11.7°i n the same groups. Evoking the 1994 study of Dejour and Bonnin, Grassi and colleagues reported progressively greater amounts of anterior subluxation of both tibial plateaus as slope increased from one group to the next.
As Giffin et al 11 pointed out in 2004, tibial slope would logically have associations with the PCL opposite to its relationship with the ACL. Giffin and many of the same colleagues followed their 2004 cadaveric study with one focused specifically on the effects of varying the posterior tibial slope on the PCL-deficient knee. 10 They found that increasing the tibial slope by about 5°reversed the posterior tibial sag that occurred when the PCL was sectioned and that this effect increased further with axial loading. Petrigliano et al 23 reported similar findings in cadaveric knees with combined PCL and posterolateral corner (PLC) injuries.
In 2017, Gwinner et al 13 examined the relationship between medial tibial slope and the 5-to 15-year clinical results of PCL reconstruction. They found that the magnitude of the slope correlated with the reduction in posterior tibial translation achieved and the residual posterior translation as well. Two additional studies by Bernhardson and colleagues in this issue of AJSM also address the interaction between tibial slope and the PCL. In the first of these, 3 the authors report that the posterior tibial slope in 104 PCL-injured knees averaged almost 3°less than that in a matched group of controls without ligament injury. In the second study, 2 the authors examine the results of PCL reconstruction through the lens of tibial slope. They report that their double-bundle technique successfully reduced the mean side-to-side difference in posterior tibial translation from 10.6 to 1.5 mm as measured in stress radiographs obtained 18.5 months after surgery. Unlike Gwinner et al, Bernhardson and colleagues found that the residual side-to-side difference in posterior translation did not correlate with the patients' tibial slope. The residual difference in posterior translation was so small, however, that it may have been difficult to demonstrate whether a relationship between these parameters existed.
Although laboratory studies have suggested that slopemodifying osteotomies might have a place in the treatment of ACL injuries, very few clinical studies of such osteotomies are so far available. 9, 30, 31 Dogs naturally have a steep tibial slope that predisposes their stifle joints to rapid deterioration following an ACL injury, so the precedent for slope-reducing osteotomy can be found in the veterinary ACL literature. 15, 21 In 2014, Sonnery-Cottet and colleagues 29 reported 5 cases of anterior closing wedge osteotomy performed in concert with revision ACL reconstruction. All knees had undergone at least 3 prior unsuccessful ACL reconstructions and demonstrated a posterior tibial slope of 13°or 14°. The patients' mean IKDC and Lysholm scores increased from 39.5 and 46.2 preoperatively to 79.1 and 87.8 at 23 to 45 months postoperatively, with substantially improved instrumented laxity measurements and manual pivot-shift test results. The authors cautioned, however, that surgery of this nature is technically difficult and should be used very selectively; they also admitted that they could not be certain that both the osteotomy and the ligament reconstruction were vital to the reported results. In 2015, Dejour et al 8 reported similarly positive outcomes in a group of 9 patients with 2 prior ACL reconstruction failures. Whereas Sonnery-Cottet et al reduced their patients' tibial slopes to about 9°, Dejour et al reduced the slopes to about 4°. Osteotomy has also been described for treating PCL insufficiency, although primarily as a component of a procedure designed to increase valgus in knees with combined posterior and posterolateral deficiencies. 1, 22, 26 Today, surgically modifying the tibial slope as part of a strategy for treating cruciate ligament insufficiency may seem almost as bold and controversial a step as it did when I was a traveling fellow in 1986, although the laboratory and clinical research just reviewed provides a theoretical basis for it. When surgeons who report such surgery state that it should be used cautiously and selectively, we are advised to heed their warning. Tibial slope is not the only anatomic parameter that has been correlated with cruciate ligament injury, and altering one factor in isolation can potentially have unintended consequences. Additional clinical experience from specialized centers will hopefully further define the role and utility of slope-modifying osteotomy in the treatment of cruciate ligament injuries.
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